Aims: To investigate the effects and possible mechanisms of transcutaneous electrical acustimulation (TEA) combined with deep breathing training (DBT) on refractory gastroesophageal reflux disease (rGERD).
INTRODUCTION
Gastroesophageal reflux disease (GERD) refers to the reflux of gastric and duodenal contents into the esophagus, which induces gastrointestinal symptoms and esophageal mucosa injury. Heartburn and regurgitation, "typical" symptoms of GERD, are considered by most physicians tantamount to GERD. Atypical symptoms include chronic cough, hoarseness, globus, dental erosions, etc., which are considered as extraesophageal manifestations of the disease (1) . Impaired gastroesophageal motility with an increased number of transient lower esophageal sphincter (LES) relaxations, acidification of the esophagus, and low esophageal clearance are considered to be the most important factors in the pathogenesis of GERD (2) . Gastrointestinal motility is mainly regulated by the regional enteric nervous system (ENS), but central nervous system (CNS) has a relative independent effect on it, which is the reason that gastrointestinal tract is called "little brain." Changes of ENS and abnormal secretion of neurotransmitters will lead to gastrointestinal dysfunctions. In view of various neurotransmitters in the ENS, excitatory neurotransmitter acetylcholine (Ach) and inhibitory neurotransmitter nitric oxide (NO) are two major ones (3) .
Current treatment of GERD is mainly done using proton-pump inhibitors (PPIs), but some patients fail to respond to PPIs. According to the 2013 US GERD consensus, the following GERD patients can be diagnosed as refractory GERD (rGERD): those who are treated with PPI twice daily and do not respond to a 8-to 12- week , course of acid suppression, and their GERD-associated symptoms still exist and affect the quality of life or the GERDassociated symptom , improvement is less than 50% (1) .
Although patients with GERD typically have a good response to PPIs, the long-term maintenance therapy to prevent recurrence is still necessary in most patients (4, 5) . In fact, up to 40% of patients fail to respond to PPIs, and there is an increasing concern that long-term PPI maintenance may cause side effects such as reduced bone mineral density bone fracture and increasing the risk of myocardial infarction (MI), which has attracted more and more attention (6) (7) (8) .Theoretically, prokinetic agents can improve the ability of esophageal acid clearance by enhancing esophageal peristalsis and augmenting the tension of LES, fundamentally preventing the occurrence of GERD; however, effective target drugs have not been developed. Additionally, successful antireflux surgery, such as Nissen fundoplication, can significantly reduce the chance of recurrence, but surgical complications and mortality are still a disturbing question concerning some surgeons' experience and technique level (9) .
Acupuncture has been used to treat gastrointestinal diseases with a history of 3000 years in China, and acupuncture points (acupoints), Neiguan (PC6) and Zusanli (ST36), are commonly used for treating functional gastrointestinal diseases, including GERD (10, 11) . There have been a number of reports showing that acupuncture or electroacupuncture (EA) at PC6 and/or ST36 can effectively alleviate nausea, vomiting, and other abdominal symptoms, especially for functional dyspepsia (FD) (12) . Acupuncture was reported to have a significant effect on improving rGERD patients' symptoms (13) . EA was found to enhance the gastric/esophageal peristalsis and accelerate gastric emptying, as delayed gastric emptying has also been shown to contribute to failure of PPI (14, 15) . The newly developed transcutaneous electrical acustimulation (TEA) is a noninvasive and needleless method, with electrical stimulation delivered to acupoints via surface electrodes and is well accepted by patients (16, 17) . According to a few recent preliminary studies, TEA at ST36 and PC6 seems able to improve symptoms and motility in patients with GERD (14) , FD (12, 14) , and postsurgical recovery (18) . It has been reported that TEA can improve the symptoms of dyspepsia by enhancing vagus nerve activity and inhibiting sympathetic nerve activity (12) .
The gastroesophageal junction (GEJ) includes two fundamental components: the intrinsic LES and extrinsic compression by the crural diaphragm (CD), and is the first natural barrier to acid reflux (19) . Relaxation and phasic tone of the CD contribute significantly to the GEJ. There is a direct correlation between intraluminal GEJ pressure and integrated electromyography (EMG) spike activity of the CD (20) . Studies have shown that CD tension of GERD patients was significantly lower than that of healthy subjects or patients with functional heartburn (21) .
Deep breathing training (DBT) is thought to increase parasympathetic nervous system tone and is frequently used in many psychological, cognitive, and alternative therapies (22, 23) . Such therapies have an evidence base in the treatment of chronic visceral pain syndromes such as irritable bowel syndrome. An increasing body of evidence suggests that the parasympathetic branch of the autonomic nervous system (ANS) may mediate an antihyperalgesic effect through the cholinergic anti-inflammatory pathways (24) . In recent years, open-label studies have shown that DBT can improve the motor function of the diaphragm, enhance CD tone, and increase LES pressure (LESP), thereby increasing the antireflux barrier effect to reduce the reflux (25, 26) . Recent studies reported that deep inspiratory training can significantly improve the symptoms of abdominal pain related to irritable bowel syndrome and esophageal hyperalgesia situation of patients who suffer from GERD (27) . DBT brings gospel to rGERD patients.
Although TEA or DBT alone was reported to improve dyspepsia and rGERD symptoms (15, 25) , it was unclear whether the combination of these two methods would have a synergistic effect for the treatment of GERD or rGERD. Accordingly, this current study was designed to explore the possible synergistic effects of TEA combined with DBT on GERD symptoms and esophageal motility and mechanisms associated with the autonomic function in patients with rGERD.
METHODS

Patients
Twenty-one patients (male 7, female 14) with rGERD who met the 2013 US rGERD guidelines were enrolled into the study, including outpatients and inpatients seen in the Department of Gastroenterology of The First Affiliated Hospital of University of Science and Technology of China from August 2016 to February 2017 (1). The patients must have more than two kinds of symptoms either typical symptoms (heartburn, regurgitation, chest pain, etc.) or atypical symptoms (belching, nausea, vomiting, etc.), and these patients must be with persisting GERD symptoms after 8-12 weeks of standard PPI therapy. Exclusion criteria were as follows: severe heart and lung diseases, diabetes, nephropathy, and other chronic diseases associated with neuropathy or gastrointestinal disorders such as ulcers, cancer, esophageal varices, etc. The protocol was approved by the Ethics Committee of Anhui Provincial Hospital (Registration No: 2016 L36), and all patients joined the study with written informed consent.
Protocol
The study was designed as a randomized controlled, single blind, prospective trial. Enrolled patients were randomly divided into three groups, 7 in group A treated with esomeprazole (ESO, 20 mg, twice daily), 7 in group B treated with TEA (30 min twice daily) + DBT (twice daily) + ESO (20 mg, twice daily), and 7 in group C with sham-TEA (twice daily) + DBT (twice daily) + ESO (20 mg, twice daily). All patients received a four-week treatment. There was no statistically significant difference among the patients' age, gender, weight, or height.
TEA at Zusanli (ST36) and Neiguan (PC6) maintains 25 Hz, 5 mA, and 30 min twice daily using a watch-size stimulator (MedKinetic, Ningbo, China). The device is shown in Figure 1 . It can be attached to the arm and leg. The stimulation parameters were programmed via a computer by the investigator. However, the patient was able to adjust the stimulation output current to a level that was sensible but tolerable (12, 28) . Sham-TEA was performed using the same parameters at non-acupoints: non-channel non-collateral acupoint, about 2 cm away from ST36 and PC6.
DBT is mainly used to improve the motor function of the diaphragm, which can enhance the CD tension and increase LESP, thereby increasing the function of antireflux barrier for alleviating reflux (22, 23, 25) . The patients were asked to adjust their breathing pattern into abdominal deep breathing, and keep their hands on the surface of the abdomen to fully feel the effect of the deep breath on abdominal expansion and expiratory muscle relaxation, especially focusing on the right respiration patterns of patients. The DBT used in this study was based on a modified procedure described by Thijs et al. (29) . It consisted of breathing at full inspiratory capacity for 4 sec, followed by exhaling to forced expiratory vital capacity in 6 sec, and repeated at a frequency of 0.1 Hz. This entailed 6 breaths/min for 1 min every fifth minute, for 6 cycles in total, during the 30-min duration of the acid exposure phase.
Measurements
Esophageal High-Resolution Manometry
A water-perfused esophageal manometric catheter with 24 pressure sensors (1 cm interval) was used to measure esophageal motility, including the upper esophageal sphincter (UES), esophageal body, and LES. All enrolled patients underwent the high-resolution manometry (HRM) test (MedKinetic, Ningbo, China) at the beginning and the end of the treatment. After fasting for 8 hours, the esophageal catheter was inserted transnasally into the esophagus after pressure calibration. When the partial pharynx, UES, esophageal body, LES, and gastric pressure were all displayed on the screen, the catheter was fixed at the nose-wing. Then patients were asked to lie in a supine position. After an acclimation period of a few minutes, the patient was instructed to swallow boluses of 5 mL of water, which were injected into their mouth by using a syringe (30).
24-Hour pH Monitoring
The device recorded 24-hour pH data by a digital data logger (Jinshan Science & Technology, Chongqing, China), including acid reflux, weak acid reflux, non-acid reflux. Before the test, patients were asked to withdraw PPI and prokinetics for seven days. After a fast of 8 hours, The MII-pH monitoring catheter was inserted through the nostrils to 5 cm above the LES (the LES position identified from the previous HRM test) and fixed with tape on the nose and neck. Patients were instructed to keep normal diets except acidic food or alcoholic and to record all foods and symptoms in a diary.
The analysis was performed for the DeMeester score, total reflux episodes, acid reflux episodes (pH ≤4), weak acid reflux episodes (4< pH <7), and non-acid reflux episodes (pH ≥7). The normal range is as follows: DeMeester score ≤14.72, acid reflux ≤55 times, weak acid reflux ≤26 times, nonacid reflux ≤1 time, and total reflux episodes ≤73 times (31) .
Reflux Diagnostic Questionnaire
The reflux diagnostic questionnaire (RDQ) included heartburn, regurgitation, chest pain, and sleep disturbances, and each item scale ranges from 0 to 3 (32) . The standard of symptoms evaluation: "0" refers to no symptoms; "1" refers to occasional symptoms (one to two days in a week); "2" refers to frequent symptoms (three to five days in a week); and "3" refers to daily symptoms. The questionnaire score over 8 indicated a positive test, and if the difference of the questionnaire scores between pretreatment and posttreatment decreased over 6, it inferred effective treatment.
Assessment of Autonomic Functions
The autonomic nervous functions were evaluated by the spectral analysis of HRV. The HRV signal was obtained from the electrocardiogram (ECG) recording (ct-082, Hangzhou Baihui Electrocardiograms, China), and HRV data were processed by HRV analysis software (Cardiotrak Holtersystem version: 1.2.0.0, Hangzhou Baihui Electrocardiograms, China), Power spectral analysis was then performed, and the power in each frequency subband was calculated using a previously method (17) . The power in the low frequency band (0.04-0.15 Hz, LF) represents mainly sympathetic activity and the power in the high frequency band (0.15-0.50 Hz, HF) stands purely for parasympathetic or vagal activity. The power ratio of LF/HF reflects the balance between the sympathetic and parasympathetic activities. The power ratio of LF/(HF + LF) represents sympathetic activity; the power ratio of HF/(HF + LF) ratio represents the parasympathetic activity.
Ach and NO Assays
Blood samples were collected in the fasting state before and at the end of the treatment in chilled EDTA and aprotinin tubes, centrifuged at 4200g and 4 C for 10 min, and stored at 4 C until extraction. Serum Ach and NO levels were determined with the corresponding commercial ELISA kits (Jiancheng Institute of Biology and Technology, Nanjing, China; Ach products batch number: 20170210; NO product batch number: 20170113).
Statistical Analysis
SPSS16.0 statistical software was used to analyze data. Measurement data were expressed as mean AE standard deviation. Multiple parametric groups were compared using a one-way analysis of variance test or nonparametric test, and pre-and posttreatment tests were evaluated using a paired t-test. P values of 0.05 or less were considered to be statistically significant. 
RESULTS
Effects of Treatments on Reflux Symptoms
TEA combined with DBT significantly improves GERD symptoms, whereas DBT showed no significant effect on GERD symptoms. As shown in Figure 2 , the reflux symptom score was significantly reduced after each of the three treatments (p < 0.002 for all groups). However, the treatment effect was most potent in group B. After treatment, the reflux symptom score of group B was lower than that of group C (1.57 AE 0.53 vs. 2.86 AE 1.21, p = 0.018), suggesting a combined effect of TEA and DBT, and also lower that of group A (1.57 AE 0.53 vs. 3.86 AE 2.27, p = 0.023), suggesting a net TEA effect. No significant difference was noted in the symptom score after the treatment between group C and group A (2.86 AE 1.21 vs. 3.86 AE 2.27, p = 0.182), suggesting a minimal effect of sham-TEA combined with DBT.
Effects of Treatments on LESP
TEA combined with DBT resulted in a substantial increase in LESP, and DBT also showed a significant increase in LESP. As shown in Figure 3 , the LESP in group A showed no change after the PPI treatment (p = 1.0); however, a significant increase was noted in groups B (p < 0.001) and C (p < 0.001). After the corresponding treatment, the LESP in group B was significantly higher than that in group C (26.14 AE 7.06 vs. 17.57 AE 5.13, p = 0.025) and the LESP in group B was also higher than that in group A (26.14 AE 7.06 vs. 13.29 AE 5.74, p = 0.003). The results suggested that both TEA and DBT enhanced LESP, and TEA combined with DBT was more potent than DBT.
Effects of Treatments on Acid Reflux
All three methods of treatment reduced acid reflux, but TEA + DBT + PPT was the most potent method in suppressing acid reflux, suggesting a suppressive effect of TEA + DBT on acid reflux. As shown in Figure 4 , DeMeester scores were significantly decreased after the three treatments, respectively (35.74 AE 5.08 vs. 24.92 AE 3.94, p = 0.003), (43.65 AE 9.29 vs. 11.17 AE 1.24, p = 0.008), and (34.80 AE 4.74 vs. 15.19 AE 0.74, p = 0.007). Importantly, after the corresponding treatment, the DeMeester score in group B was significantly lower than that in group A (11.17 AE 1.24 vs. 24.92 AE 3.94, p = 0.012) and group C (11.17 AE 3.29 vs. 15.19 AE 0.74, p = 0.019) that suggested a net TEA effect. The DeMeester score in group C was significantly lower than that in group A (15.19 AE 0.74 vs. 24.92 AE 3.94, p = 0.032).
Mechanisms Involving Autonomic Functions
Both TEA and DBT significantly enhanced vagal activity and suppressed sympathetic activity assessed by the spectral analysis of HRV, but TEA was more potent than DBT. As shown in Figure 5a ,b, the PPI treatment did not alter LF/(LF + HF) or HF/(LF + HF) (p = 0.301), whereas both TEA+DBT + PPI and sham-TEA+DBT + PPI significantly reduced LF/(LF + HF) and increased HF/(LF + HF). What is more, the ratio of LF/LF + HF in group A was significantly higher than that in group B (0.38 AE 0.034 vs. 0.54 AE 0.13, p = 0.010) and group C (0.41 AE 0.08 vs. 0.54 AE 0.13, p = 0.042). However, the ratio of HF/(LF + HF) in group A was significantly lower than that in group B (0.62 AE 0.034 vs. 0.46 AE 0.13, p = 0.010) and group C (0.59 AE 0.078 vs. 0.46 AE 0.13, p = 0.042).
Mechanisms Involving Enteric Neurotransmitters
Both TEA and DBT enhanced the release of Ach. As can be seen from Figure 6a , the content of serum Ach was significantly increased after the treatment in all three groups (A: 60.97 AE 7.01 vs. 64.04 AE 7.48, p = 0.041; B: 61.07 AE 8.25 vs. 71.27 AE 7.90, p = 0.000; C: 62.93 AE 6.39 vs. 71.66 AE 4.84, p = 0.000, respectively). After four weeks of the treatment, the content of serum Ach in group C was higher than that in group A (71.68 AE 4.84 vs. 64.04 AE 7.48, p = 0.046) and the content of Ach in group B was also significantly higher than that in group A (74.13 AE 6.92 vs. 64.04 AE 7.48, p = 0.022).
Both TEA and DBT significantly suppressed serum NO. From Figure 6b , it was obvious that the content of serum NO was significantly reduced after the treatment in all three groups (A: 114.09 AE 7.67 vs. 103.86 AE 6.28, p = 0.009; B:117.90 AE 10.17 vs. 73.33 AE 7.68, p = 0.000; C:108.82 AE 9.54 vs. 81.65 AE 6.20, p = 0.002). After the fourweek treatment, the content of NO in group C and group B was Figure 2 . The comparison of the reflux symptom score pre-and posttreatment among groups. The acid reflux symptom score of three groups decreased after treatment (*p < 0.050). There was a significant difference between TEA and sham-TEA treatment (p < 0.050). [Color figure can be viewed at wileyonlinelibrary.com] Figure 3 . The LESP of groups B and C significantly increased before and after the treatment (*p < 0.050). There was a significant difference between PPI + DBT + TEA and PPI treatment (p < 0.050). There was also a significant difference between sham-TEA and TEA treatment (p < 0.050), and TEA group treatment increased LESP higher. [Color figure can be viewed at wileyonlinelibrary.com] Figure 4 . The DeMeester score of three groups significantly decreased before and after treatment (*p < 0.050). There were significant differences among three groups after treatment (p < 0.050). [Color figure can be viewed at wileyonlinelibrary.com] www.neuromodulationjournal.com significantly lower than that in group A (81.65 AE 6.20 vs. 103.86 AE 6.28, p = 0.027; 73.33 AE 7.68 vs. 103.86 AE 6.28, p = 0.010). However, there was no statistical difference between group B and group C (73.33 AE 7.68 vs. 81.65 AE 6.20, p = 0.417).
DISCUSSION
In this study, we found that TEA combined with DBT significantly increased LESP, reduced acid reflux, and improved clinical manifestations of GERD. Although DBT and PPI also improved GERD, the combined treatment of TEA was mostly effective in almost every aspect of the studied parameters. The improvement of reflux is believed to be attributed to the elevation of the LESP mediated via the autonomic and enteric mechanisms.
Currently, many rGERD patients still suffered from reflux symptoms because of ineffective medical treatments, whose possible mechanism has not been elucidated (33, 34) . The weaken antireflux barrier and enteric nervous dysfunctions and autonomic dysfunctions may play major roles in rGERD. Improving LES function, esophageal peristalsis and enteric and autonomic nervous activities were considered as new potential therapeutic targets.
TEA is a noninvasive and needleless method, which can be selfadministrated by patients (16, 17) . After four weeks of TEA+DBT treatment, the RDQ and DeMeester scores were significantly lower than that of PPI (ESO) alone and sham-TEA + DBT. Meanwhile, the LESP was also significantly higher than that of ESO alone and sham-TEA + DBT. A few previous studies have found that electrical stimulation of the LES or the stomach can increase LESP that serves as a barrier of reflux (12, 35) . Liu et al. found that TEA at both Neiguan (PC6) and Zusanli (ST36) in patients with FD was effective in relieving distention and improving dyspepsia by suppressing sympathetic activity and enhancing vagal tone (12) . In addition, DBT has been reported to improve the abdominal pressure, the function of esophageal gastric junction, and the pressure of LES (36, 37) . Deep inspiration was mainly composed of 755 Figure 5 . a. The ratio of LF/(LF + HF) of groups B and C significantly decreased before and after treatment (*p < 0.050). After treatment, there was a significant difference between PPI + DBT + TEA and PPI treatment (p < 0.050), and there was also a significant difference between PPI + DBT + sham-TEA and PPI treatment (p < 0.050). b. The ratio of HF/(LF + HF) of groups B and C significantly decreased before and after treatment (*p < 0.050). After treatment, there was a significant difference between PPI + DBT + TEA and PPI treatment (p < 0.050), and there was also a significant difference between PPI + DBT + sham-TEA and PPI treatment (p < 0.050). [Color figure can be viewed at wileyonlinelibrary.com] Figure 6 . a. The content of serum Ach of three groups significantly increased before and after treatment (*p < 0.050). After treatment, there was a significant difference between PPI + DBT + TEA and PPI treatment (p < 0.050), and there was also a significant difference between PPI + DBT + sham-TEA and PPI treatment (p < 0.050). b. The content of serum NO of three groups significantly decreased before and after treatment (*p < 0.050). After treatment, there was a significant difference between PPI + DBT + TEA and PPI treatment (p < 0.050), and there was also a significant difference between PPI + DBT + sham-TEA and PPI treatment (p < 0.050). [Color figure can be viewed at wileyonlinelibrary.com] diaphragm contraction and relaxation, and especially the descending diaphragmatic dome strengthens the pressure of LES. The relevant data of our study also supported this effect.
Gastrointestinal physiological functions play an important role in rGERD patients, which mainly depends on the regulation of the CNS, ANS, and ENS. In this study, the autonomic nerve function was assessed based on the cardiac autonomic function using the spectral analysis of HRV. Using this method, a few previous studies have shown a postprandial increase in sympathetic/parasympathetic ratio and decrease in parasympathetic activity (38) . These meal-induced changes in cardiac autonomic functions suggested that the cardiac autonomic function can be used as a surrogate of the gastrointestinal autonomic function (39) . Some studies reported that changes in the autonomic nerve function are associated with the heartburn induced by esophageal acid perfusion (40) . Our study showed that TEA combined with DBT could enhance vagal/parasympathetic activity and inhibit sympathetic activity, which might have led to enhanced esophageal motility and reduced reflux.
NO is the major inhibitory neurotransmitter in the ENS, which is associated with LES relaxation, hyperpolarization of esophageal annular muscle, and esophageal smooth muscle termination reaction. Chang et al, reported that acupuncturing at Zusanli (ST36) could improve the serum NO content in rabbits after ethanol infusion (41) . The level of NO in patients treated with TEA + DBT was significantly lower than those in the PPI alone and the sham-TEA group, while there was no significant change between the PPI alone and the sham-TEA group. The result suggests that NO inhibition may be associated with enhanced esophageal motility.
Ach plays an important role in promoting gastrointestinal smooth muscle contraction and peristalsis, and the level of Ach was bound up with vagus nerve activity. In this study, the level of Ach in patients treated with TEA + DBT was significantly higher than that in the other two groups, suggesting that increased Ach might be responsible in elevating LESP and reducing reflux. Chua YC et al. reported that deep inspiration could excite the vagus nerve and stimulate the releasing of Ach in blood, which could regulate the body inflammation and pain signal, improve esophageal hyperalgesia in GERD, promote emptying, and have a positive effect on the non-acid reflux patients with chest pain and normal DeMeester score (42) . These findings were consistent with our findings.
In summary, TEA combined with DBT may effectively alleviate reflux in rGERD patients by increasing LESP medicated via the autonomic and enteric mechanisms.
